Introduction {#Sec1}
============

Inside combustor chambers, cooling of the walls is necessary, because the burned gas temperature is often higher than the melting point of the combustor material. This cooling has a significant impact on the combustion processes in the near-wall region and on the lifespan of the combustor itself, and this interaction is often referred to as the flame-wall interaction (FWI) \[[@CR1]\]. In a Spark Ignition (SI) engine, flame quenching induced by cold walls (e.g. liner and bowl) leads to a formation and an accumulation of unburned hydrocarbons (uHCs), which, in combination with heat losses to the wall, negatively affects the efficiency and pollutant emissions performance. Furthermore, flame propagation in a low-velocity region of the wall boundary layer may lead to flashback from the combustion chamber to the mixing zone in a gas turbine. The increasing demands for lightweight devices, engine downsizing and micro-combustors make FWI an inevitable event in these applications. Therefore, a thorough physical understanding of the FWI mechanism is necessary to develop and design more energy-efficient and environmentally friendly combustion devices. It is difficult to get detailed information of FWI with experimental measurements because of small length-scales and also due to the inherently intermittent nature of these interactions. Direct Numerical Simulation (DNS) offers an opportunity to analyse FWI without recourse to physical approximation, and also to bypass the aforementioned limitations.

In the last few decades, DNS has contributed significantly to the fundamental understanding of turbulent non-reacting and reacting flows, but relatively limited attention has been devoted to the analysis of FWI \[[@CR2]--[@CR9]\]. Poinsot et al. \[[@CR2]\] pioneered DNS based analysis of FWI by carrying out two-dimensional simple chemistry simulations of head-on quenching of premixed turbulent flames. Bruneaux et al. \[[@CR3], [@CR4]\] analysed side-wall quenching by carrying out three-dimensional incompressible simple chemistry DNS of premixed FWI in a channel flow configuration, and this data in turn was utilised to analyse the influences of the wall on Flame Surface Density (FSD) based reaction rate closure. Alshalaan and Rutland \[[@CR5], [@CR6]\] analysed oblique flame quenching by carrying out three-dimensional simple chemistry DNS for the interaction of a V-flame with an isothermal wall, and utilised the resulting data for the analysis of the wall heat flux statistics, and the near-wall behaviours of FSD, and turbulent scalar flux. All the aforementioned DNS analyses \[[@CR2]--[@CR6]\] indicated that the maximum wall heat flux in turbulent flows can assume values greater than the corresponding laminar value due to turbulent convection of flame elements towards the wall. Moreover, stream-wise vortices in a turbulent channel flow push the flame elements towards the wall leading to an increase in the wall heat flux magnitude, whereas convection away from the wall tends to reduce the wall heat flux magnitude \[[@CR3], [@CR4]\]. Dabireau et al. \[[@CR7]\] analysed premixed FWI for H~2~-O~2~ mixtures based on two-dimensional simulations and demonstrated that the high wall flux magnitudes are obtained at a short time prior to the flame quenching. Gruber et al. \[[@CR8], [@CR9]\] carried out a detailed chemistry DNS of FWI in turbulent V-flame and channel flow configurations. They indicated that flashback can be obtained near the wall under some flow conditions, and this behaviour can be affected by combustion instabilities (e.g. Darrieus-Landau instability), which can have significant influences on the near-wall flow dynamics. Recently, Lai and Chakraborty \[[@CR10]\] carried out three-dimensional simple chemistry DNS of head-on quenching of statistically planar turbulent premixed flames for different values of global Lewis number (i.e. ratio of thermal diffusivity to mass diffusivity). The findings of Lai and Chakraborty \[[@CR10]\] were in agreement with the heat flux and quenching distance statistics obtained from previous two-dimensional simulations \[[@CR2]\]. It has been found that the quenching distance for laminar flames increases, whereas the maximum wall heat flux in laminar head-on quenching decreases with decreasing characteristic Lewis number $\documentclass[12pt]{minimal}
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                \begin{document}$Le$\end{document}$. However, the maximum wall heat flux in turbulent head-on quenching of statistically planar turbulent flames increases with decreasing characteristic Lewis number and the quenching distance for turbulent sub-unity Lewis number (i.e. $\documentclass[12pt]{minimal}
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                \begin{document}$Le<1$\end{document}$) flames has been found to be smaller than the corresponding laminar flame value, whereas the quenching distance for turbulent flames with $\documentclass[12pt]{minimal}
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                \begin{document}$Le>1$\end{document}$ remains comparable to their corresponding laminar values. This DNS database was utilised to analyse the statistical behaviours of enstrophy \[[@CR11]\], FSD \[[@CR12]\] and scalar dissipation rate (SDR) \[[@CR10], [@CR13], [@CR14]\] in the near-wall region. Although simple chemistry DNS \[[@CR2]--[@CR6], [@CR10]--[@CR14]\] provided valuable insights into the physical mechanisms pertinent to turbulent premixed FWI, it is yet to be assessed whether correct quantitative behaviours of wall heat flux and flame quenching distance can be obtained from simple chemistry DNS. Moreover, it has not yet been assessed if the models, which have been proposed based on a-priori analysis of simple chemistry DNS data, remain valid in the presence of detailed chemistry and transport. Furthermore, the implications of flame quenching on the species distribution in the near-wall region, in particular for the intermediate species, are impossible to extract from simple chemistry simulation data. This analysis addresses the aforementioned gaps in the existing literature by carrying out three-dimensional DNS of head-on quenching of a statistically planar turbulent stoichiometric methane-air premixed flame by an isothermal inert wall. The statistics extracted from detailed chemistry DNS regarding wall heat flux, quenching distance, near-wall heat release distribution along with the FSD based mean reaction rate closure in the vicinity of the isothermal inert wall will be compared with those obtained from a corresponding head-on quenching DNS simulation for a generic single-step Arrhenius chemical mechanism with unity Lewis number with same initial normalised turbulence parameters. In summary, the main objectives of this analysis are: To compare the wall heat flux and flame quenching distance statistics for detailed and simple chemistry simulations for both laminar and turbulent head-on quenching of premixed flames by isothermal inert walls.To demonstrate the near-wall behaviour of intermediate species in head-on quenching of laminar and turbulent premixed flames.To compare the model performances in the context of FSD and SDR based mean reaction rate closures for both simple and detailed chemistry simulations.The rest of the paper will be organised as follows: the mathematical background and numerical implementation pertaining to this work are presented in the next section. Following this, results will be presented and subsequently discussed. The main findings will be summarised and conclusions will be drawn in the final section of this paper.

Mathematical Background and Numerical Implementation {#Sec2}
====================================================

The detailed chemistry DNS simulation has been conducted using the three-dimensional compressible code SENGA2 \[[@CR15]\]. The domain is taken to be a cube of each side equal to 7.65 mm which is discretised by a uniform grid of dimension $\documentclass[12pt]{minimal}
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                \begin{document}$\hat {T}$\end{document}$ is the instantaneous dimensional temperature and the subscript 'L' refers to the unstrained planar laminar premixed flame value. In SENGA2, the spatial differentiation is carried out using a 10^th^ order central difference scheme for the internal grid points but the order of differentiation gradually decreases to a one-sided 4^th^ order scheme at the non-periodic boundaries. The time advancement is carried out using an explicit low-storage 4^th^ order Runge-Kutta scheme. The negative $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$x_{1}$\end{document}$-direction is aligned with the mean direction of flame propagation. The left-hand boundary in the $\documentclass[12pt]{minimal}
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                \begin{document}$x_{1}$\end{document}$-direction is taken to be an inert isothermal wall which is kept at the unburned gas temperature $\documentclass[12pt]{minimal}
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                \begin{document}$T_{0}$\end{document}$, which is taken to be 300 K for this analysis. The boundary opposite to the wall is taken to be partially non-reflecting and is specified using the Navier Stokes Characteristic Boundary Conditions (NSCBC) technique \[[@CR16]\]. The transverse directions are taken to be periodic. A skeletal chemical mechanism (involving 16 species and 25 reactions and amongst these 10 reactions are reversible) for atmospheric pressure combustion of methane-air mixture \[[@CR17]\] has been considered for detailed chemistry simulations. The thermo-physical properties such as viscosity and thermal conductivity are taken to be functions of temperature, and CHEMKIN \[[@CR18]\] polynomials have been used to account for temperature dependence for these physical properties. Furthermore, mixture-averaged transport is adopted for the current analysis, and Soret and Dufour effects are considered in heat and mass transfer. A steady state planar stoichiometric methane-air premixed flame under atmospheric pressure is used for initialising the reacting species and temperature fields. A homogeneous isotropic velocity field, generated using a standard pseudo-spectral method \[[@CR19]\] following the Batchelor-Townsend spectrum \[[@CR20]\], is used for the initialisation of turbulent fluid motion away from the wall. The initial values of normalised root-mean-square (rms) turbulent velocity fluctuation $\documentclass[12pt]{minimal}
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                \begin{document}$Da=lS_{\mathrm {L}}/u^{\prime }\delta _{\text {th}}$\end{document}$, and Karlovitz number $\documentclass[12pt]{minimal}
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                \begin{document}$T_{0}$\end{document}$ being the unstrained laminar burning velocity, thermal flame thickness, adiabatic flame temperature and the unburned gas temperature, respectively) away from the wall are summarised in Table [1](#Tab1){ref-type="table"} along with the heat release parameter $\documentclass[12pt]{minimal}
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                \begin{document}$u_{3})$\end{document}$ are specified to be zero on the wall due to no-slip condition and the diffusive mass fluxes are considered to be zero in the wall normal direction. The initial turbulent flow is allowed to evolve for an integral eddy turn-over time before the reactive simulation is initiated. Table 1Initial turbulence parameters away from the wall and the value of heat release parameterCaseChemical Mechanism$\documentclass[12pt]{minimal}
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                \begin{document}$\tau $\end{document}$A16 species, 25 reactions7.52.50.3413.06.0B1-step irreversible7.52.50.3413.06.0

In order to compare the detailed chemistry simulation results with those obtained from simple chemistry simulation, a three-dimensional DNS for a generic single step irreversible chemistry (i.e. Reactants → Products) has been carried out using the well-known DNS code SENGA \[[@CR21]\]. In SENGA, the governing equations of mass, momentum, energy and reaction progress variable *c* are solved in non-dimensional form \[[@CR21]\]. The numerical methodologies related to velocity field initialisation, reactive scalar field initilisation, spatial discretisation and time-advancement in SENGA \[[@CR21]\] are similar to those used in SENGA2. In SENGA, the thermo-physical properties such as dynamic viscosity, thermal conductivity, and density-weighted mass diffusivity are taken to be constant and independent of temperature. Standard values of Zel'dovich number $\documentclass[12pt]{minimal}
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                \begin{document}$T_{\text {ac}}$\end{document}$ is the activation temperature), Prandtl number $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$Pr$\end{document}$ and ratio of specific heats $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$\gamma $\end{document}$ (i.e. $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$\beta = 6.0$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$Pr= 0.7$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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For the purpose of evaluating the Reynolds/Favre averaged quantities, the instantaneous quantities of interest are ensemble averaged over $\documentclass[12pt]{minimal}
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In premixed flames, the scalar field is often characterised in terms of reaction progress variable *c*, and non-dimensional temperature *T*, which can be defined in the following manner: $$\documentclass[12pt]{minimal}
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                \begin{document}$\infty $\end{document}$ indicate values in the unburned reactants and fully burned products, respectively. According to Eq. [1](#Equ1){ref-type=""}, the reaction progress variable *c* increases monotonically from 0 in unburned reactants to 1 in the fully burned products. For the stoichiometric methane-air flame detailed chemistry simulations, the reaction progress variable *c* is defined based on $\documentclass[12pt]{minimal}
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For low Mach number, globally adiabatic, thermo-diffusively neutral flames the non-dimensional temperature *T* can be equated to reaction progress variable *c* but this equality does not hold for head-on quenching due to loss of adibaticity, and also due to different boundary conditions at the wall (i.e. Dirichlet boundary condition applies for temperature for an isothermal wall, whereas a Neumann boundary condition is used for species mass fractions).

Results & Discussion {#Sec3}
====================

The instantaneous three-dimensional distributions of *c* based on $\documentclass[12pt]{minimal}
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                \begin{document}$Y_{\mathrm {C}\mathrm {H}_{4}}$\end{document}$ and non-dimensional temperature *T* at different time instants for the detailed chemistry case (i.e. case A) are shown in Fig. [1](#Fig1){ref-type="fig"}a. For the purpose of qualitative comparison, the instantaneous distributions of *c* and *T* at different time instants for simple chemistry are shown in Fig. [1](#Fig1){ref-type="fig"}b. It is evident from Fig. [1](#Fig1){ref-type="fig"}a that *c* and *T* distributions remain different from each other and the extent of this inequality becomes more prominent as the flame approaches the wall in case A. The extent of this inequality between *c* and *T* remains small when the flame is away from the wall in case B, whereas this inequality remains significant for case A even when the flame is not in the vicinity of the wall. The light species with sub-unity Lewis number (i.e. $\documentclass[12pt]{minimal}
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The inequality between *c* and *T* is also reflected in the behaviour of their Favre-averaged counterparts, which can be seen from the temporal evolutions of $\documentclass[12pt]{minimal}
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The temporal evolutions of the distributions of the mass fractions of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$\text {CH}_{4},\mathrm {O}_{2},\text {CO}_{2}, \mathrm {H}_{2}\mathrm {O,CO,OH,H}\mathrm {O}_{2}$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$\mathrm {CO, } \mathrm {H}_{2}\mathrm {O, C}\mathrm {O}_{2}$\end{document}$ are of marginal importance at the wall. Fig. 4**a** Variation of mass fractions of CH~4~,O~2~,CO~2~,H~2~O,CO,OH,HO~2~H~2~O~2~ and H in the wall normal distance for head-on quenching of a laminar stoichiometric planar premixed flame. **b** Percentage of the overall heat release at the wall arising from different species at different time instants for laminar HOQ according to the detailed chemistry simulation
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Conclusions {#Sec4}
===========

The head-on quenching (HOQ) of statistically turbulent planar flames by an isothermal inert wall has been analysed in this study based on three-dimensional compressible DNS simulations for a representative single-step simple chemistry and a multi-step detailed chemical mechanism of methane-air mixture. A skeletal chemical mechanism involving 16 species and 25 reactions for methane-air combustion is used for the purpose of detailed chemistry simulation of HOQ of a stoichiometric methane-air flame. The distributions of reaction progress variable *c* and non-dimensional temperature *T* remain identical to each other away from the wall for simple chemistry simulations but this equality does not hold during head-on quenching. The inequality between *c* defined based on $\documentclass[12pt]{minimal}
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                \begin{document}$T = 0.9$\end{document}$ isosurface) for both simple and detailed chemistry laminar and turbulent cases have been found to be qualitatively similar. However, small differences have been observed between the numerical values of the maximum normalised wall heat flux magnitude $\documentclass[12pt]{minimal}
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                \begin{document}$\overline {\dot {\omega } }$\end{document}$ in the near-wall region for both simple and detailed chemistry simulations. The wall modifications for the FSD and SDR based reaction rate closures based on *a-priori* DNS analysis of simple chemistry DNS data have been found to perform satisfactorily also for the detailed chemistry case without any modifications. Thus, the models, which have been proposed based on *a-priori* analysis of simple chemistry DNS of head-on quenching of turbulent premixed flames, have the potential to be valid even in the presence of detailed chemistry and transport. Although a recent experimental analysis \[[@CR26]\] reported that the DNS based findings with moderate Reynolds number remain valid under experimental conditions with much larger Reynolds number values, further investigation with higher value of turbulent Reynolds number will be necessary, which will form the basis of future analyses.

There are some small negative contributions of $\documentclass[12pt]{minimal}
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                \begin{document}$\left ({\dot {\omega }_{\alpha } h_{\mathrm {f} \alpha }^{0}} \left / {\sum }_{i = 1}^{16}\right . {\dot {\omega }_{i}h_{\mathrm {f} i}^{0}}\right )\times 100\% $\end{document}$ for some species which is not clear from Fig. [4](#Fig4){ref-type="fig"}b. The same is valid for the corresponding turbulent plot in Fig. [5](#Fig5){ref-type="fig"}b.

Interested readers can see the predictions of mean reaction rate closure proposed in Refs. \[[@CR4], [@CR5]\] for simple chemistry cases for different turbulence intensities in Ref. \[[@CR12]\].
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